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A 5000 :1 SCALE MODEL
OF THE MAGNETIC RECORDING PROCESS
by D. L. A. TJADEN *) and J. LEYTEN *).
--

--

--

-

Although magnetic recording is ruidely used for all kinds of purposes, little is yet known
about the actual process by which signals are recorded i n the thin magnetic coatingof the tape,
Attempts are being made to p i n a better understanding of this process ~criththe aid of a model
of the tape and recording head scaled u p 5500 0: 1 and i n rrhich rhr distribution of the magnetization ouer the thickness of the coating i s measured.
--

I n the past 15 to 20 years magnetic recording has
developed into an indispensahle tool, hoth for tecording sound and video signals and for the registtation of machine data (measuring, regulating, control
and computer signals). This development was
based on the improvements in the properties of the
*) Philip. Research Lahoratories, Eindhnven.

magnetic tape and in those of the recording and
playhack heads. If one asks, however, t o what these
improvements are due, one has to admit, rather disappointedly perhaps, t h a t they were obtained for
the most part hy trial and error. I n our opinion the
reason for this is t h a t fundamental understanding
of the fartors that govern the recording process is
still imperfect. This applies particularly to the
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recording process a t very short wavelengths, that is to
say a t high signal frequencies and/orlow tape speeds.
But even where the recording of longer wavelengths
is concerned, it is difficult t o predict exactly the
behaviour of a tape from its magnetic properties.
How is it that the theory is so far behind the prnctice? It should be possible in principle to describe
the recording process by passing a piece of tape over
the recording head and ascertaining how the form of
the magnetization curve of the tape material - a t
points a t varying depths in the tape-varies. The situation is complicated, however, because as the tape
passestheheadthe magnetizing field changes not only
in strength but also in direction (turning through a
total of 180°, see$g. 1),and also by the fact that the
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the signal current applied to the recording head, a
recorded wavelength is obtained which is in the
same ratio to gap length and layer thickness as in
the normal magnetic recording process. Theoretical
considerations show that, given this condition, and
provided the magnetizing field-strengths have the
same magnitude, the spatial variation of the magnetization vector in the layer may be expected to be a
fairly faithful copy of that in the normal process. I n
the large model this magnetization vector can be
measured directly and accurately on samples removed from the layer after a recording.
I t is reasonable to assume that the magnetization pattern is not essentially affected by the other
dimensions in the recording process; this is fortu-

Fig. 1. Qualitative picture of the magnetic field near the gap S of a magnetic recording
head. B is the coating of magnetic material on the tape.
a) Conventional pattern of lines of force.
b ) Lines of equal field strength (H = constant).

magnetization a t any given instant is determined
t o a considerable extent by demagnetizing fields.
In view of these complications, we have in fact to
rely on experimental data t o improve our knowledge
of the behaviour of a magnetic tape, especially data
on the way in which the resultant magnetization
vector changes in magnitude and direction over the
thickness of the magnetic coating after the recording of a simple signal. Hitherto, such data have
been almost completely lacking, and there is little
hope of obtaining them from direct measurements
on the 0.01 mm thick coatings of normal magnetic
tapes.
To overcome this difficulty, a large-scale model of
the magnetic recording process has been constructed
a t the Philips Research Laboratories, Eindhoven;
the essential dimensions have been scaled up by a
factor of 5000, the recording head being given a gap
length of 2 cm and the magnetic coating of the "tape"
a thickness of 5 cm. By appropriately: choosing the
speed a t which the tape travels and the frequency of

nate, for scaling up all dimensions by a factor of
5000 would have led to an impossible construction.
Fig. 2 shows the form of the recording head and
tape as originally adopted. The tape is only 60 cm

Fig. 2. Dimensional drawing of the large-scale model of recording head and tape. The tape B is composedof threelongitudinal
strips; the measurements are performed on samples taken from
the middle strip m. Part of the tape is he;e cut away to disclose
the gap S in the recording head. Dimensions in mm.
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long and consists of a dispersion in a suitable material of grains of yFe,O, - exactly the same grains
as used on a normal magnetic tape. The dispersion
is contained in a tray of non-ferromagnetic material
and consists of three longitudinal strips. I t is from
the middle strip (m in fig. 2), which is only 0.5 mm
thick, that the samples are removed for measurement, and this strip is therefore renewed for each
experiment.
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spread is real, that is to say i t would also be ascertainable in the
real tape if one were to consider an equivalently narrow strip,
in practice i t is averaged out by the enormous width of the
track in relation to the individual grain.

Construction of the model
The complete experimental set-up in its original
form is shown infig. 3. On the table can be seen the
large recording head, and above this a track with

Fig. 3. Complete arrangement of the large-scale model of the magnetic recording process
(first version). On the table can be seen the large recording head, and above this the tray
with magnetic layer, carried on a roller track. In the background, from left to right: the
generator for the signal current of 0.1 c/s (maximum 10 A), surmounted by a cabinet with
relay switchgear; then the generator for the bias current of 50 c/s (maximum 60 A); and
finally a rheostat for controlling a DC signal (maximum 70 A).

Although in our model the grains are a factor of 5000 too
small in relation to the wavelength, this does not - provided
we disregard the noise - cause any significant errors. I n fact,
if the grains were to be scaled up - supposing i t were possible
-fundamental difficulties would then really arise. In the &st
place a grain enlarged 5000 times would contain innumerable
Weiss domains, whereas most of the real grains contain no
more than one Weiss domain (i.e. no Bloch walls). The eoercivity of the large grains would therefore be considerably less
than that of the small ones. Secondly, the samples, which we
want to be relatively small with a view to good spatial definition, would contain so few grains that the measurement results would inevitably show a very wide spread. Although this

rollers on which the tray containing the dispersion
is moved over the head on a carriage. In this arrangement the carriage is moved by means of a screw
shaft driven by an electric motor. The speed of
travel can be varied slightly. The tape speed we
normally use is 0.4 cm per second. Infig. 4 the head
and the camage (with the tray removed) are shown
more clearly. I t can also be seen that the camage
draws along behind it a strip of recording paper.
On this strip is traced a record of the signal applied to
the head.
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Fig. 4. Recording head and roller track with carriage. The tray
containing the magnetic layer has been removed and placed
on the table on the right. The recording-head gap, which, like
conventional heads, is filled with a non-ferromagnetic material,
has been painted white to make it show up. The carriage draws
along behind it a paper strip on which a diagram of the signal
current applied to the head is reeorded.

The signal current has a fixed frequency of 0.1 c/s.
The recorded wavelength is then 4 cm, which corresponds t o a wavelength of 8 ym in normal recording.
The latter wavelength is obtained, for example, a t a
signal frequency of 12 000 c/s and a tape speed of
94 cmlsec. For generating the signal current a
somewhat unconventional generator is required, not
because of the very low frequency (this is easily produced with an RC generator), but because of the very
high current needed. I n normal recording the largest magnetizing signal field-strengths ever required
(approx. lo4 A/m) can be generated a t the greatest
depth in the tape with about 0.3 ampere turns. I n
the model the distances from the material t o be
magnetized to the air gap of the recording head
have been enlarged by a factor of 5000, which means

Fig. 5. Simplified diagram of the circuitry for supplying an AC signal (Si), a DC signal (G)
and a bias current (B). K recording head. The AC signal of 0.1 c/s is delivered by two stabilized power supply circuits, H a n d H', connected in push-pull. The outpnt voltage of each
of these circuits is controlled, with the aid of a small electric motor M, and sinusoidally
varied 6 times per minute between 5 and 15 V, while H and H' operate in anti-phase. At
the moments when both are delivering the same voltage (10 V) the current through the recording head K is zero; in the interim periods the current through K is alternately positive
and negative. Ll-C,-Cl' is a filter that keeps the 50 c/s bias current outside H a n d H'.
The bias cnrrent is supplied from the mains via a variable transformer and an isolating
transformer Tj. Since the capacitor C2 with the coil of the recording head constitutes a
circuit tuned to the mains frequency, the output voltage of Tfneed not be more than 50 V.
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that for the same purpose we need roughly 2000 ampere turns. The recording head designed by us contains 175 turns, so that signal currents up to about
10 A should be possible. The principle of the generator used to prod;ce these signal currents is illustrated infig. 5 and explained in the caption.
The same figure shows how we generate the "highfrequency" bias current which is always superimposed on the signal in normal recording, and which it
must be possible to supply t o the recording head in
our case too. For convenience we chose for the bias
current the frequency of the mains, 50 c/s. (In itself
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The first measurements were on a "tape" consisting of randomly orientated grains dispersed in vaseline. I n practice the grains in the tapes used for
magnetic recording are usually needle-shaped. They
have a single preferred direction of magnetization,
and in the manufacturing process this is arranged to
lie mainly in the long axis of the tape. We were able
subsequently to devise a method of making our tape
in such a way as t o simulate this preferential orientation, a plastic material with dispersed grains being
calendered so as to align the grains. This material
is now used for the middle strip from which the sam-

Fig. 6 . Model of recording head and tape in its present form. The pole pieces of the head
have been lengthened so that their ends are not passed by the tray containing the tape material. The tray in this version is drawn along the track by two chains, which proved to give
a smoother motion at high speeds than a screw shaft.

a frequency of a few c/s would be high enough, even
a t our maximum tape speed, t o make the recorded
wavelength of the bias current smaller than the diameter of the samples measured.) Bias currents up to
60 A should be obtainable. The voltage on the coil
around the recording head (inductance 35 mH) is
then about 700 V, a value low enough to avoid insulation difficulties. The power dissipated in the recording head, due to eddy currents, etc., is about
2.5 kW.
The recording of pulses can also be studied in the
model. For this purpose the recording head is supplied with a direct current of about 70 A maximum,
and the steep leading edge of a pulse is simulated
by switching the current on and off.
All the equipment used for generating and controlling the various currents applied t o the recording
head can be seen in fig. 3 in the background.

ples are taken. The space in the tray on either side of
the exchangeable middle strip is also filled with a
large number of narrow, tightly packed plastic
strips fabricated in the same way.
I n the first experiments it was soon apparent that
the pole pieces of the recording head, which were relatively far too small in length, caused interfering
edge effects: the field concentration a t the edges
(R in fig. 2) also affected the resultant magnetization in the tape after passing the gap. It is scarcely
feasible t o scale up the pole pieces t o 5000 :1 (this
would make them several tens of metres long); the
edge effects can, however, be avoided by making the
pole pieces long enough so that the piece of tape
used, does not pass their ends. We were able t o satisfy this condition in a subsequent version of the model
in which the tape speed can also be varied between
much wider limits (fig. 6).
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Fie. 7. Device for punching out disc-shaped samples from the 0.5 mm thick middle strip of
t h i tape.
a) Holder with graduated circle; over the end of the spindle is fitted an interchangeable
hollow punch which collects the sample.
b ) Roller track and carriage with which the holder can he placed above any desired point
of the tape. A sample can only be punched out when the zero pointer of the graduated
circle on the holder is parallel to the long axis of the track (and hence of the tape). Some
samples have already been punched out of the tape.

Fig. 8. Equipment for measuring the magnitude and direction of the magnetization of the individual samples. In the right
forrmnnnd
can
.
..- -~~he seen the maenetometer Drouer. in which
For
the holder with graduated circlz and sampie i i
further particulars, see fig. 9. The alternating voltage generated by the magnetized sample is compared with a signal generated by a "reference magnet". By rotating the sample holder
the phases of both alternating voltages are equalized, and
their amplitudes are equalized by regulating a calibrated
~~

attenuator.
To eliminate approximately the influence of the demagnetization factor of the sample, each sample after measurement-is
momentarily magnetized to saturation (this is done by the
electromagnet that can be seen in front of the oscilloecope)and
the magnitude of the magnetic moment of the remanenee is
determined in the same way with the magnetometer. This
being done, the hollow punch with the sample is removed
from the holder and a new measurement started.
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Measurement of the samples
The samples - discs of 3 mm diameter - are
punched out of the 0.5 mm thick centre strip of our
"tape" by means of a device shown in jg. 7. The
holder in which the sample is collected carries a
graduated circle which, in the
operation,
is kept with its zero angle always exactly in the long
axis of the tape by means of two guide pins. The location of each sample can be measured on the centimetre scales t o within an accuracy of mm. The
magnitude and direction of the magnetic moment of
each sample are then measured by means of an instrument which is illustrated in &s. 8 and 9. It is
based on the same principle as the rotating sample
magnetometer. The phase and magnitude of the alternating voltage induced in the coil give the direction and magnitude of the magnetic moment of the
sample. I n our arrangement the roles have merely
been reversed: the sample, introduced together with
the holder into the instrument, remains stationary,
while the two pole pieces rotate around- it a t 175
r.p.s. For convenience, the coil and the other part of
the magnetic circuit are also kept stationary. The
small air gap that we have t o leave between this
part and the pole pieces (1 in fig. 9a) does practically
no harm. The advantage of this arrangement is that
it takes v e q - little time and trouble t o change from
one sample t o the next - an important consideration in view of the large series of measurements needed for each esperiment.
The actual measurement is done by a null method. Fig. 9. a) Principle of the magnetometer for measuring the
The magnitude and phase of the induced e.m.f. are samples. D hollow punch with magnetized sample, at the end
of the holder m-ith graduated circle G. The holder remains stacompared on an oscilloscope with those of a refer- tionary, but can be turned b y hand to any required position.
The
ferrite core K with coil A; is also stationary, but the pole
ence signal, generated in a small coil hy a magnet
pieces P o f this magnetic circuit, which are separated from the
on the shaft of the rotating pole pieces (fig. 9b). By core K by a narrow nir gap I, are fixrd to the shaft A and rotate
turning the holder with the sample through a given a t 175 r.p.s. around the sample. i n the perspective drawing
( b ) it can be seen that the shaft also carries a small magnet A4
angle, the phases of both signals can be equalized, which induces in the coil lV2 an alternating voltage, which
while a t the same time the amplitudes are equalized serves as a reference sigual. The alternating voltage induced by
the sample in,'?l is compared u-it11 that induced in 3,
both
with a variable attenuator. The direction of the mag- in
and amplitude, by rotating the holder and regulating
netic moment of the sample can then be read from the attenuator V: t l ~ i scan be monitored on an oscilloscope
(0s.).
the scale around the holder with an accuracy of
about
and the magnitude of the magnetic mament can be read from the attenuator.
A drawback of the measuring arrangement de- - together with the effect of any inhomogeneity in
scribed is its sensitivity to constant stray fields. the dispersion - by detcrrnining in addition the
Good mu-metal screening is fitted to counteract such magnetic nlornent of the remanence of each sample
after saturntion, and b y dividing the measured mainterference.
The magnctic moments of the san~plespunched ment of the recorded magnetization by the value so
from the tape do not give directly the nxlgnetiza- found.
tion in situ in which we are interested. After the
sample is punched out its magnetic state is subject Some results of measurements
Finally, we shall mention some of the results of
t o a demagnetizing field different from t l ~ e in
t the
tape. Espcri~nents]lave shown that the clTects of nleasurenlents carried out in the first experiments
this field can for all practical purposes be eliminated on our model.
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Fig. 10. a) State of rnngnctization of the tape after recording the step flcnction signal represrnted ill (b). The drawing shows the vertical 1,lane of symmetry ofthe tape(elevatio11sketcll
of the nlicldle strip, rn in fig. 2). wit11 the rnaglletization drawn a t numerous points in nlagnitucle nnd direction. T l ~ recording-head
e
gap is drawn a t the location (x,) where it l~apl)e~led
to be in rel:ltio!~ lo the tape a t the rnoment of the diccontinuity. I t s relative direction of
travel is indicated by the arrow (the fact that n value of the signal (b) canbe seen here oppozite cad1 position x of ( n ) does not mcan that this value was recorded a t the locntio~lx ,
but simply that the signal had t h a t value \vhen the recording head was a t the position x ) .

b

Fig. 13. Rrpresr~itntiotlas in fig. 10 of the :rate of ~~la~nc.tizntiorl
of thc t n l ~ c( ( 1 ) Imt I I ~ W;lfter the recordi~lgof a sinusoidul sig~lal( I ) . The scale fclr tllc nlag~lctiziltirrtlis llerc Illore that1
3 x larger 1l1i11lin fig. 10. Tile rrrording-1lc;lcl pap is clr;~\vtla t the 1oc:lt ion (x,,) \vlicre it Iln11Ijellrcl to I,e nt one of tlte molnc~ltsa t \vllirlr t l ~ esipltal etlrrcllt llassccl tllrougll zero. (1:or
thc relatiull between (u) and ( I ) , see the capti011 to lig. 10.)
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The strip shown infig. 1Oa represents a sect,ion of
the vertical plane of symmetry of the magnetic
layer. The magnetization, produced by recording a
particular signal, has been indicated in this crosssection by drawing t o scale a t numerous points the
magnetization vector with the measured orientation.
I n this case the signal was a step function, obtained
by switching a direct current a t a certain moment
from positive t o negative (fig. lob). The recording
was made without bias current.

Fig. 12. Magnitude M of the magnetization, and components
Mz and My, measured in the recording represented in fig. 10,
plotted as a function of the depth y in the tape at a given location x,. The cross-section xl is indicated in fig. 10a.
Owing to the finite diameter of the samples, the curves begin
a t y = 2 mm.

Fig. 11. The components MZ and My of the magnetization,
measured in the recording represented In fig. 10, are plotted
here versus the location x at agiven depth y in the tape: in a )
at a depth y, = 2 mm, and b ) at a depth y, = 46 mm. These
depths are indicated in fig. 10a.

To obtain a more quantitative presentation of the
measuring results, the longitudinal and vertical
components of the magnetization, Mx and My, can
be plotted as a function of location x a t a given depth
y in the tape, and also as a function of the depth y
a t a given location x in the tape. A plot of the former
kind is given in fig. 11 for the results in fig. 10, in
respect of two different depths, y, = 2 mm and
y, = 46 mm. Upon reversal of the direction of the
current, the component Mx a t the depth y, is seen
to change direction much more abruptly than a t the
depth y,; in other words the step function is recorded more sharply deep inside the tape than near the
surface. The behaviour of the component My contributes to this effect. Remarkably enough, M , does
not reverse simultaneously with M , but quite a bit
"earlier", i.e. a t a greater distance x behind the gap,
which is moving relative to the tape. As a consequence of this, the step function is less sharply
defined a t the surface, but deep inside the tape the definition is not affected because there My is very small.
Infig. 12 the values M, and My are lotted in the
other manner mentioned, i.e. as a function of the
depth y a t a given location x on the tape. The location chosen here is x, = 21 cm in front of the crosssection (2,) that was just passing t h e gap when the
current was reversed. The tape material a t xl knows
nothing of the discontinuity about to occur, and has
thus "seen" a pure direct current. It follows from
the curves - as is also apparent in fig. 10 - that
the magnetization near the surface of the tape then
makes a fairly large angle with the long axis of the
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tape. The absolute value M of the magnitization,
which is also plotted in fig. 12, is everywhere lower
than the remanence that would follow from the given
field strength. This is presumably a consequence of
the rotation of the field during the recording process. A similar result has recently been found by
other investigators working along entirely different
lines1).
Fig.13a presents in the same manner as in fig. 10
the magnetic state of the layer after the recording of
a sinusoidal signal. The wave-form of this signal is
shown in fig. 13b. The reasons for the much more
complicated picture obtained in this case will not be
dealt with here.
I n order, however, t o make clearer the kind of
theoretical problems we hope to bring nearer to a
solution with the model described, we shall discuss
as a final example the result of recording a simple
direct current, this time however together with a
bias current. For this purpose the non-oriented tape
material was used. In fig. 14 the magnetization M
together with the longitudinal and vertical components M , and My are again plotted as a function'of
depth y in the layer, for a bias current with an amplitude of 20 A and a direct current of 1A. The result differs considerably from that found without bias
current: up to a certain depth y the longitudinal
component M, now increases more or less proportionately with y. The total magnetization is substantially lower nearer the surface than somewhat deeper in the layer.
From the point of view of playback a state of
magnetization of this nature is far more unfavourable than homogeneous magnetization of the whole
magnetic layer. I t can be calculated that in the latter
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case the output signal obtained in a long-wave
recording would be about 3 dB stronger (assuming
that the current used in both recordings is such as to
result in the same non-linear distortion from the
curved B-H line); a t short waves the difference
would be even more marked.
The occurence of a magnetization state as shown
in fig. 14 can to some extent be understood as
follows 2). According to the present theory 3), the
actual recording takes place in a ring-shaped zone
situated just beyond the centre of the air gap in the
recording head; the amplitude of the bias field in
this zone is roughly equal t o the coercivity of the
tape material (see $g. 15). This means that every

Fig. 15. The actual recording process takes place in a zone
around the gap (the "recording zone", shown shaded), where
the amplitude of the field H generated by the bias current is
roughly equal to the coercivity of the tape material.

part of the tape emerges from the process with a magnetization M proportional to the signal field-strength
to which it was subjected at the instant of passing
the "recording zone". If there were no tape present,
the field strengths H, and Hy in this zone would
be given to a first approximation by

Hz

Fig. 14. Measured magnetization M and components M, and
My, as a function of the depth y, for a signal consisting of a
direct current (1 A) with a superimposed bias current (20 A).

1)

H. S. Templeton and G . Bate, Proc. Intermag. Conf. Washington 1963, p. 7-4.

niy

=

G2,

where n is the numlier of turns, i the signal current
and r the radius (partly determined by the bias current) of the recording zone. This field distribution
would then cause M, and M y t o vary as a function
of y in the manner shown in fig. 16. It can be seen
that the curves in fig. 14 agree very nicely with this

e,

D. L. A. Tjaden, Proc. 3rd Int. Congress on Acoustics,
Stuttgart 1959, Part 11, page 758.
W. K. Westmijze, Philips Res. Repts. 8, 250, 1953.
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picture up t o a certain extent (or rather t o a certain
depth), except that the vertical component My is
substantially reduced.,This effect, which is responsible for the above-mentioned loss in reproduction,
is attributable to the demagnetizing effect of the part
of the tape which, with a certain magnetization, has
already left the recording zone.
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recording, the middle strip will carry a number of
Hall generators, which wilI make it possible to observe and record on an oscilloscope the local fields
and their fluctuations, during the recording of
both DC and AC signals. A report on these investigations will be published in due course.
In conclusion, it should be mentioned that the
equipment was devised in cooperation with G. W. van
Oosterhout of this laboratory. The construction was
largely the work of J. R. P. N. Criits. For the oriented
tape material a t present in use we are indebted to
M. L. van Splunder of Philips Plastics Laboratory
and to the cooperation of the Plastics Research
Institute (T.N.O.) of Delft.

Fig. 16. Theoretical curve of M, and My. derived from fig. 15,
as a function of y, for a recording of the same signal as used for
fig. 14.

This demagnetizing influence is one of the effects
that will be extensively investigated. The considerable size of the model makes it possible to apply
other techniques than simply the measurement of
samples after a recording. It is intended, for example, to carry out measurements in which, during the

Summary. I n magnetic recording the magnetic coating of the
tape is magnetized over its entire thickness as i t passes the recording head. Little is yet known about the manner in which
the magnitude and direction of this magnetization vary as a
function of depth in the tape. To obtain data on this subject, a
model of the tape and recording head has been built in Philips
Laboratories a t Eindhoven in which all essential dimensions
(air gap, tape thickness, recorded wavelength) are scaled up
by a factor of 5000. Provided the number of ampere turns of
the recording head is scaled up by the same factor - which
makes i t necessary to build a somewhat unconventional generator - the state of the magnetization produced in the tape
(disregarding fluctuation effects) is a true copy of that in normal recording. The "tape" contains an interchangeable middle
strip, 5 ern wide and & mm thick, from which numerous small
samples are punched out after a signal has been recorded. The
magnitude and direction of the magnetization of these samples
are measured by means of a special magnetometer.
Some results of the measurements hitherto carried out arc
discussed and their theoretical significance commented upon.

